Ⅰ. INTRODUCTION
Power transformer is one of the most important devices in power transmission and transformation system. It is directly related for the safe, efficient and economic operation of the power grid. The temperature is the main factor affecting the insulation capability [1] .It has a very important practical significance to the real-time measurement of transformer internal temperature [2, 3] . At present there are mainly three methods applying to measure internal temperature of the transformer.
(1) Electrical sensor measurements. Such as thermocouple and resistance thermometer sensor, etc.
These sensors are susceptible to electromagnetic interference and have limited life, so the effect measurement is not ideal [4] .
(2) Infrared thermometry. This method is non-contact measurement, easily for manual operation.
However it is unable to realize online real-time measurement. Additionally it is vulnerable to background noise and electromagnetic interference environment [5, 6, 7] .
(3) Fiber optic thermometry. Distributed optical fiber temperature measurement which based on the principle of roman scattering and the principle of brillouin scattering restrains mutually among the accuracy of temperature measurement, the accuracy of spatial positioning and the response time. It is not yet meet the requirements of accurate temperature measurement in the internal transformer [8, 9, 10] . Fluorescence optical fiber or the type of semiconductor transmission and reflection optical fiber temperature sensor are point temperature measurement where the point of measurement is little. It is arranged inside the transformer that tends to need based on the empirical estimation. There are certain limitations in practical application [11, 12, 13] .
Compared with the above temperature program, the application of fiber Bragg grating (FBG) sensing technology is a good way to solve the problem of temperature measurement within transformer winding. After nearly two decades of development, FBG sensing technology is more mature. In general fiber gratings have been widely used in temperature measurement [14, 15] .
FBG sensors have the following advantages in the measurement of transformer winding temperature: Because of small size of sensor, it is easily buried inside the transformer and lead.
Easy to utilize WDM technology cascaded multiple gratings in a single fiber. Realize quasidistributed network measurement. Good insulation performance, immune to electromagnetic interference, suitable for high temperature and pressure in the oil and gas environment [16] . This paper based on Fiber Bragg Grating temperature measurement designs and produces transformer windings built-fiber grating sensors. It could carry out related experimental tests to achieve directly temperature measurement within the transformer winding and provide a new technical means for the internal temperature of the transformer.
Ⅱ. SUMMARY OF FIBER BRAGG GRATING
Hill and his colleagues belonging to communication research center of Canada manufactured the fiber Bragg grating in 1978, which was a great development for the study and application of fiber grating has been [17] . Meltz who worked in the east Hartford united technologies research center could write fiber Bragg grating into optical fiber by selecting the wavelength of laser, or changing the Angle between the two beam of coherent light In 1988, which showed the potential value of the optical fiber Bragg grating [18] . The fiber grating written method, theoretical research and application have gained rapid development [19] . On the basis of fiber Bragg grating and long period fiber grating people has successively developed a number of fiber grating with special structure, such as chirped grating [20] , phase shifted grating [21] , tilted fiber grating [22] , etc. It is believed that with the need of application and further research, FBG will be more widely used in communication, sensing and other related areas in the future [23] .
Ⅲ. THE THEORY AND DEMODULATION TECHNOLOGY OF FBG a. The theory of FBG FBG is a kind of excellent narrowband reflection filter passive components. Its grating period and the refractive index modulation depth are generally constant as well as the grating and fiber axis is in the same direction. The schematic diagram is shown in figure 1.
Figure1. The structure of FBG By the structure of the fiber Bragg grating, the shape of fiber Bragg grating is the same as the optical fiber. The core of fiber has the structure which the refractive index is in the periodic change. When light waves pass the FBG satisfying the Bragg condition (the wavelength of the incident light is equal to the wavelength of the Bragg) of the light will be reflected back to form a reflection beam of light. Due to mismatch of the phase, light wave with not meeting the Bragg condition can be reflected only a weak portion, so the incident light is divided into two parts: the transmitted light and reflected light.
Based on the coupled-mode theory of optical fiber, the Bragg wavelength of FBG is shown as follows: 
By formula (4) when there is no strain effect there exists a linear relationship between the FBG wavelength ΔλB and ΔT. By measuring the FBG wavelength shift the temperature change of the FBG can be obtained [26] .
b. Fiber Bragg grating signal demodulation technology
Currently the wavelength of the mobile detection scheme is put forward. Mainly in the following several detection methods: the ratio of the detection method, the M-Z interferometer detection, scanning fiber F-P interferometer method and matching grating detection method.
(1) Linear filtering proportion detection method
The principle of proportion detection method is shown in figure 2 . The reflect light coming from the fiber grating through the splitting ratio of M / N coupler is divided into two. One way is sent to the detector as a reference (IR). The other way is sent to the detector (IF) from the linear filter.
The ratio of the two signals is
The effect of light intensity and spectral fluctuation is eliminated by equation (5) A closed control system is in this part. The piezoelectric element is tracked through the servo system, finally the wavelength of the matching FBG is consistent with the sensing grating.
This system is the reflection of matching grating detection method. The disadvantage is that the introduction of matching grating, resulting in doubling the number of grating. It would increase the light energy loss and reduce the resolution of the system. Because of the temperature produced by the reflected light wavelength drift, the optical fiber grating is equivalent to a wavelength tunable light source for M -Z interferometer. When wavelength of light changes   , the output of phase change is like this:
The corresponding wavelength shift could be found by the output phase changes of the interferometer. The detection sensitivity is very high based on obtaining wavelength by phase change. However this kind of measurement method also has drawbacks as it is very susceptible to the surrounding environment. Environmental interference changes slowly, so it is mainly used for dynamic measurement which range is in only about 100 dB. Figure4. Non-equilibrium fiber M -Z interference detection
Unbalanced fiber M-Z interferometer detection method can achieve dynamic strain resolution of 0.6 / n Hz  when the frequency is greater than 100Hz, which also could be used to achieve wavelength demodulation in the multiplexing network of fiber Bragg grating. The disadvantage of this method is that it cannot be measured absolute value of wavelength and not be used in the static strain measurement.
(4) Scanning optical fiber F -P interference detection method
Scanning optical fiber F-P interference detection method is shown in Figure 5 . Reflected light of the fiber grating is fed into the tunable fiber F-P filters ( 
Ⅳ. THE STRUCTURE OF OPTICAL FIBER GRATING SENSOR SYSTEM
LabVIEW launched by National Instruments of the U.S.is a virtual instrument development platform and a high efficient graphical programming environment. At the same time wavelength detection method based on the demodulation module has advantage in high signal-to-noise ratio, simple demodulation principle, high reliability and is expected to become one of the most development potential methods of the wavelength detection [27] .
Wavelength demodulation module has advantages of a small, simple read data, demodulation speed, large dynamic range, moderate accuracy, insensitive to temperature, no periodic calibration, high reliability, etc. At the same time it can obtain wavelength of the C-band to realize the measurement requirements of real-time synchronization in a complex environment. It has been widely used in the world.
The experiment platform is composed of hardware and software system to measure the temperature. Light from a broadband light source pass a circulator or coupler to reach the FBG sensors. Due to the influence of the ambient temperature, the change of related parameters in the optical fiber grating crosses into the FBG sensor demodulation devices. At the same time the demodulator transfers the data to a computer using RS232 serial port. Getting acquisition, analysis and processing of data by LabVIEW to realize the measurement of physical quantities such as strain and temperature. The relationship between temperature and center wavelength of FBG1 is shown in figure 18 .
Figure18. The wavelength -temperature diagram of FBG1
As can be seen from the experimental data, the central reflection wavelength changing with temperature exhibits a good linear relationship, after linear fitting, the relation is:
y=0.011*x+1530 , R² = 0.9933.
The relationship between temperature and center wavelength of FBG2 is shown in figure 19 . The relation is: y=0.011*x +1540 , R² =0.9941.
Figure19. The wavelength -temperature diagram of FBG2
The relationship between temperature and center wavelength of FBG2 is shown in figure 20 . The relation is: y=0.0092*x+1551.5, R² =0.9892.
Figure20. The wavelength -temperature diagram of FBG3
The relationship between temperature and center wavelength of FBG2 is shown in figure 21 . The relation is: y = 0.0092*x+1561.5, R² =0.9892.
Figure21. The wavelength -temperature diagram of FBG4
The basic process of the testing error system is as follows: The fiber Bragg grating temperature sensor used in the experiment and the reference thermometer were put in the thermostat. When the temperature of the thermostat reached the prescribed temperature and became stable before test the value of the reference thermometer and temperature sensor was read. The error of the temperature sensor is the value of difference between the sensor and the reference thermometer.
The reference thermometer was the thermocouple in this article. Because the thermocouple is vulnerable to internal complex electromagnetic interference within the transformer, we don't put the FBG temperature sensors and thermocouples in the transformer to calibrate.
During the test, the temperature sensor should be at least once in each test along the forward and reverse travel. Comparing the measured value of the temperature sensor and the standard thermometer, the data matched each other and the basic error was very small. We conducted the same experiment for FBG2, FBG3 and FBG4. Resulting in multiple sets of test data, the basic error didn't exceed ± 2°C. The basic error of FBG1 and FBG2 are shown in figure22. Technology. The authors would like to express the greatest appreciation and thanks to the reviewers for their details reviews and constructive comment, which have helped improve the quality of this paper.
